Aging is accompanied by altered T-cell responses that result in susceptibility to various diseases. Previous findings on the increased expression of inhibitory receptors, such as programmed cell death protein 1 (PD-1), in the T cells of aged mice emphasize the importance of investigations into the relationship between T-cell exhaustion and aging-associated immune dysfunction. In this study, we demonstrate that T-cell immunoglobulin mucin domain-3 (Tim-3), another exhaustion marker, is up-regulated on aged T cells, especially CD8 + T cells. Tim-3-expressing cells also produced exhaustion-related marker expression profile, proliferative defects following homeostatic or TCR stimulation, and altered production of cytokines. Interestingly, these cells produced a high level of IL-10 and induced normal CD8 + T cells to produce IL-10, which might contribute to immune dysregulation in aged mice. The generation of Tim-3-expressing CD8 + T cells in aged mice seems to be mediated by encounters with antigens but not by specific infection, based on their high expression of CD49d and their unbiased TCR Vb usage. In conclusion, we found that a CD8 + T-cell population with ageassociated exhaustion was distinguishable by its expression of Tim-3. These results provide clues for understanding the alterations that occur in T-cell populations with age and for improving dysfunctions related to the aging of the immune system.
Introduction
Aging is accompanied by an increase in susceptibility to various infections due to altered immune responses (Gavazzi & Krause, 2002) . In particular, multiple changes in T-cell populations (e.g., impaired thymic output, decreased na€ ıve T cells and increased memory phenotype T cells, and reduced proliferation and cytokine production) are considered to be critical contributors to age-associated-immune dysfunction (NikolichZugich, 2008) . From the standpoint of T-cell senescence and intrinsic alterations of T-cell signaling, it is important to study the roles of inhibitory molecules in aged T cells (Fulop et al., 2014) . Recently, CD4
+ and CD8 + T cells from aged mice have been shown to express several inhibitory receptor molecules, including PD-1, LAG-3, CTLA-4, and KLRG1, all of which may be associated with defective T-cell responses (Channappanavar et al., 2009; Shimada et al., 2009; Decman et al., 2012) . It has also been suggested that a PD-1 blockade may partially restore T-cell function (Lages et al., 2010) . Thus, understanding the increased T-cell inhibitory signaling that occurs with aging is an important step toward developing approaches to rescue T-cell senescence. Prolonged expression of inhibitory molecules is a well-known feature of T-cell exhaustion in both human and mouse chronic infection models. For instance, in chronic lymphocytic choriomeningitis virus (LCMV)-infected mice, PD-1 is highly expressed on the surface of T cells compared to functional memory T cells, and these PD-1 + CD8 + T cells fail to proliferate when stimulated, display defects in effector functions, and are called exhausted T cells (Barber et al., 2006) . Exhausted T cells have also been identified in different viral infections, such as HIV and hepatitis A and B virus (Sharpe et al., 2007; Keir et al., 2008) . Several previous studies of LCMV, HIV, and HCV infections have suggested that Tim-3 is another inhibitory marker of exhausted T cells (Jones et al., 2008; Golden-Mason et al., 2009; Jin et al.,2010) . Tim-3 was initially identified in IFN-csecreting Th1 cells and CD8 + T cytotoxic type 1 (Tc1) cells (Monney et al., 2002) . By interacting with its ligand, Galectin-9, Tim-3 causes T cells to undergo cell death, which leads to peripheral tolerance (RodriguezManzanet et al., 2009) . Tim-3 is expressed on PD-1 + CD8 + T cells, and coblockade of Tim-3 and PD-1 restores the functions of exhausted CD8 + T cells during LCMV infection (Jin et al., 2010) . Furthermore, Tim-3 is also known to be expressed on the surface of CD8 + tumor-infiltrating lymphocytes in tumor-bearing mice (Sakuishi et al., 2010) , which suggests its potential as a therapeutic target in various diseases. Here, we found that aging in mice is associated with increased expression of Tim-3 on CD8 + T cells. These Tim-3-expressing CD8 + T cells in aged mice showed high levels of several inhibitory molecules and had proliferative defects following homeostatic or TCR stimulation, which are features of exhausted CD8 + T cells. Aged Tim-3 + PD-1 + CD8 + T cells showed decreased production of inflammatory cytokines, such as TNF-a, but increased production of IL-10 compared to Tim-3 À PD-1 + cells.
Furthermore, these cells were able to induce normal CD8 + T cells to produce IL-10. Our study suggests that this aging-related Tim-3 expression defines more severely exhausted CD8 + T cells, which could contribute to the environmental changes with aging during immunological events.
Results
Tim-3-and PD-1-coexpressing CD8 + T cells accumulate in aged mice It has been proposed that impaired T-cell function during aging is associated with an increase in the population of PD-1-expressing T cells (Channappanavar et al., 2009; Shimada et al., 2009; Lages et al., 2010; Decman et al., 2012) . To address the relationship between the exhaustion of T cells and aging more specifically, we examined the expression of Tim-3, which, along with PD-1, defines T-cell exhaustion during chronic infection or in tumors (Jin et al., 2010; Sakuishi et al., 2010) but has never been studied in a model of aging. To this end, we tested its expression on splenic T cells in na€ ıve B6 aged mice at various ages: aged (20-month-old), mid-aged (10-month-old), and young (3-month-old) mice. The results showed a dramatic increase in Tim-3-expressing cells, especially on CD8 + T cells, which accounted for approximately 20% of the total CD8 + T cells in aged mice (Fig. 1A) . Tim-3-expressing cells were also detected in aged or mid-aged CD4 + T cells, but the increase was not as remarkable as that in CD8 + T cells. Interestingly, most Tim-3 expressing cells were shown to co-express PD-1, and the frequency of CD8 + T cells co-expressing Tim-3 and PD-1 was increased approximately 20 times more than in young mice and 2-3 times more than in mid-aged mice. On the other hand, over 50% of aged CD4 + T cells were PD-1 + , which is in agreement with previous reports, but most did not express Tim-3 (Fig. 1A,B Fig. 2A ) (Ernst et al., 1993) . Consistent with the previous study, most Tim-3 Exhausted CD8 + T cells generated by chronic infection display low responsiveness to the homeostatic cytokines IL-7 and IL-15, and they fail to survive when adoptively transferred (Wherry, 2011) . To identify this property in aged Tim-3-expressing CD8 + T cells, we first analyzed the expression of homeostatic cytokine receptors, including CD122 (IL-15Rb) and CD127 (IL-7Ra), on each subset (Fig. 4A, 4E,F ). These data demonstrate that Tim-3-expressing CD8 + T cells have limited reactivity to tropic cytokines, which is also a property of exhaustion (Wherry, 2011) . From this result, it can be surmised that homeostatic cytokines may play a limited role in the maintenance of Tim-3-expressing CD8 + T cells.
Tim-3 + PD-1 + CD8 + T cells in aged mice appear to be generated through antigen encounters, but not by specific infection
We next questioned how Tim-3-expressing CD8 + T cells develop and accumulate in na€ ıve aged mice that are not manipulated by exogenous antigens. In aged individuals, CD8 + T cells undergo large clonal expansions of particular TCR Vb repertoires (Clambey et al., 2007) . In agreement with prior work, CD8 + T cells from some aged mice showed clonal T-cell expansions ( Fig. 5A ) (Decman et al., 2012) . To determine whether clonal expansion contributed to the process of accumulation of Tim-3 + PD-1 + CD8 + T cells in aged mice, the expression of Tim-3 on certain clonally expanded (TCE) Vb-carrying cells was compared with that on total CD8 + T cells from the same mice. TCE was defined as more than three SDs above the mean Vb usage of the young CD8 + T cells (Decman et al., 2012) . Following this criterion, five aged mice harbored TCE out of ten. The expression of Tim-3 or PD-1 on TCE Vb + cells was not significantly increased or decreased compared with that on total cells, suggesting that the induction of Tim-3 expression is not specifically restricted to clonally expanded cells during aging but rather, that it occurs broadly in all CD8 + T cells (Fig. 5B) .
Previous reports have shown that age-associated clonal expansions shape two types of cells, based on their expression level of CD49d (a4-integrin). One of these types is CD49d hi T cells, the expansion of which is thought to be primed by exposure to antigens, and the other is the expansion of CD49d lo cells, which is thought to be induced by cytokinedependent homeostatic proliferation (Clambey et al., 2008; Chiu et al., 2013) . Compared to other aged CD8 + T-cell subsets, Tim-3 + PD-1 + CD8 + T cells showed the highest level of CD49d expression, indicating that they form as a result of the recognition of antigens rather than through cytokine-dependent homeostatic proliferation (Fig. 5C,D + T-cell subsets from three young and five aged mice were pooled and stimulated with anti-CD3 Ab plus T-cell-depleted APCs of young or aged mice, or anti-CD3 Ab plus anti-CD28 Ab (n = 3). Three days later, the CFSE dilution was analyzed by flow cytometry. Representative FACS plots are shown in (A). Numbers indicate the percentages of cells that divided more than once. The statistical graph is shown in (B). One-way ANOVA with Bonferroni's post hoc (B). Error bars represent SEM. *P < 0.05; **P < 0.01; ***P < 0.001. All data are representative of two independent experiments. Tim-3 + PD-1 + CD8 + T cells in aged mice, K.-A. Lee et al. generated by exposure to a broad range of antigens over a lifespan, including self-or environmental antigens such as microbiota, rather than through specific infections.
Aged Tim-3 + PD-1 + CD8 + T cells display partially exhausted properties with increased production of IL-10
As has previously been shown, Tim-3-and PD-1-expressing exhausted CD8 + T cells in chronic viral infections and tumor microenvironments are (Wherry, 2011) . However, Tim-3 expressing cells showed reduced IFN-c production when stimulated with anti-CD3 Ab, indicating that their IFN-c producing ability was restrained by TCR dysfunction (Fig. S4 ). Although IL-10 is a well-known suppressor of T-cell response, no suppressive effect was observed in any group (data not shown). Unexpectedly, responder T cells cultured with aged Tim-3 + PD-1 + CD8 + T cells produced a high level of IL-10 compared to cells cultured with other aged T-cell subsets (Fig. 6E,F indicating that the IL-10 expressed by aged CD8 + T cells is critical to inducing normal CD8 + T cells to express IL-10 ( Fig. 6G,H) . Overall, our data suggest that age-associated Tim-3 + PD-1 + CD8 + T cells produce high levels of IL-10 and have potential to promote the IL-10-dependent expression of IL-10 in normal CD8 + T cells and that these activities may contribute to the increased levels of IL-10 in the aged immune system (Spencer et al., 1996; Alvarez-Rodriguez et al., 2012) .
Discussion
Understanding how aging affects the major components of the immune system, such as T cells, is important for decreasing susceptibility to agingassociated diseases. Here, we demonstrate that Tim-3-expressing CD8 + T cells accumulate with aging and show exhausted properties according to multiple criteria, including their proliferative capacity, inhibitory surface molecule profile, and cytokine production. Recent studies have provided evidence that the phenotypic and functional exhaustion of T cells is related to aging-mediated immune dysfunction (Lages et al., 2010; Decman et al., 2012) . In many chronic disease models, exhausted T cells have been shown to coexpress PD-1 and Tim-3, which have been investigated to improve immune responses through the blockade of negative regulatory signals transduced by PD-1 and Tim-3 (Sakuishi et al., 2011) . Tim-3 is also expressed on IFN-c expressing effector cells transiently during acute infections (Sakuishi et al., 2011 ). Recently, a high level of PD-1 expression was identified in both aged CD4 + and CD8 + T cells, and these cells showed impaired proliferative capacity and cytokine production after TCR stimulation (Lages et al., 2010; Decman et al., 2012) . In the current study, our data demonstrate that PD-1-expressing cells can be divided into two subset, Tim-3 positive and Tim-3 negative populations, particularly in CD8 + T cells. We present the functional and phenotypic properties related to exhaustion in ageassociated Tim-3-expressing CD8 + T cells by comparing these properties with those of the Tim-3 ) with anti-CD3 Ab plus anti-CD28 Ab for 1 day, and ICS was performed for IFN-c and IL-10 levels in the CD45.1 + CD8 + T cells after PMA/ionomycin stimulation (n = 3). Representative FACS plots are shown in (E), and statistical graphs are shown in (F). Anti-IL-10 Ab and anti-IL-10R Ab were added into the co-culture of (E) to neutralize IL-10; representative FACS plots and a statistical graph of the percentages of IL-10 + cells in CD45.1 + responder cells are shown (G, H). One-way ANOVA with Bonferroni's post hoc (C, D, F). Unpaired two-tailed t-test (H). Error bars represent SEM. *P < 0.05; **P < 0.01; ***P < 0.001. Data are representative of two or three independent experiments.
overlooked in studies with the accumulated memory T-cell pool with aging. In solid tumor models, Tim-3-expressing CD8 + T cells have the same effector/memory phenotype with those in aging, but in nonsolid tumor models they show primarily an effector phenotype, which means that the phenotype of exhausted T cells can be distinct, depending on the disease model. Moreover, age-related exhaustion could have a similarity to that of solid tumors (Sakuishi et al., 2010; Zhou et al., 2011) . Of note, in human elderly subjects, revertant cells also accumulate (Akbar & Fletcher, 2005) , and their expression of Tim-3 remains to be evaluated in future research. Because inhibitory receptors can be upregulated by activation and differentiation, functionality should be tested together to define exhaustion (Fuertes Marraco et al., 2015) . CD8 + T cells undergo a loss of function in a hierarchical fashion with the multiple stages of exhaustion in that they lose certain properties in a stepwise manner (Wherry, 2011) . Specifically, IL-2 production and proliferative activity are first attenuated and then TNFa production is impaired in the intermediate stage. In more severe exhaustion, impaired production of IFN-c is detected, and eventually the cells are eliminated. In many studies, Tim-3 has been shown to be expressed on the most severely exhausted CD8 + T cells that display impaired IFN-c production (Jin et al., 2010; Sakuishi et al., 2010) . It is interesting that in aged mice, Tim-3-expressing CD8 + T cells show some exhausted characteristics, such as reduced proliferation and dysfunctional TNF-a production, but they are able to express a normal amount of IFN-c. Although they have a potential to produce IFN-c, that seems to be hindered by TCR dysfunction. Therefore, a thorough understanding of the cognate antigens of exhausted T cells encountered during aging will be required to clarify their cytokine profile following antigen-specific stimulation and to determine the cytotoxicity of CD8 + T cells. Additionally, the direct inhibitory role of Tim-3 molecule has been controversial in exhausted T cells, and its role and the underlying mechanism in aging must be further elucidated (Ferris et al., 2014) . The profile of transcription factors clearly represents the exhaustion status of Tim-3 + aged CD8 + T cells as the highest Blimp-1 and Eomes and the lowest T-bet expression (Fig. 6D) . Because the expression of Eomes has been found to increase in the terminal progeny of exhausted T cells, it seems that Tim-3 + PD-1 + cells among aged CD8 + T cells are most similar to the terminal progeny (Paley et al., 2012) . Eomes may function instead of T-bet to express IFN-c in those cells; however, this must be elucidated in future studies. IL-10, a potent immunosuppressive agent, is known to inhibit T-cell activation and function either directly or indirectly through regulation of APCs (Moore et al., 2001) . Accumulated evidence has shown IL-10 appears to have an undisputed inhibitory effect on CD4 + T cells, but IL-10 can have the opposite effects on CD8 + T cells, depending on the model (Brooks et al., 2010; Mumm et al., 2011) . For instance, IL-10 inhibits the priming of CD8 + T cells but stimulates activated CD8 + T cells in vivo (Emmerich et al., 2012) . Of note, the production of IL-10 has been shown to be elevated in both human and mice with aging (Spencer et al., 1996; Alvarez-Rodriguez et al., 2012) , which is considered to involve aging-related attenuated immune responses, and it has also been shown that aged CD44 hi CD8 + T cells express IL-10 (Decman et al., 2012) . Our observations suggest that the Tim-3 + PD-1 + population is the main source of IL-10 production in CD8 + T cells. In a chronic infection model, Tim-3 + PD-1 + CD8 + T cells also produce IL-10, but the role of this increased production has not been studied. It is predicted that IL-10 might be involved in suppression of immune responses based on its general action (Jin et al., 2010) . Given the observation that IL-10 and STAT3 signaling have been suggested as critical factors that promote and sustain CD8 + effector and memory T cells, IL-10 might be essential for maintaining the Tim-3-expressing Tcell population by contributing to its self-renewal via STAT3 signaling, which should be explored in future investigations (Lee et al., 2007; Cui et al., 2011) . This finding might explain how the population of exhausted T cells is sustained for so long, even though they display impaired proliferative ability. Tim-3-expressing T cells have limited responsiveness to IL-7 and IL-15 stimulation, which maintains na€ ıve and memory T cells, implying the existence of other survival factors, such as IL-10. In addition, we observed that priming young CD8 + T cells with aged Tim-3 + PD-1 + cells promoted the production of IL-10 in an IL-10-dependent manner. IL-10 is produced by fully activated CD8 + T cells, such as after IL-12 priming, and it increases the long-term memory population (Lee et al., 2007) . Therefore, Tim-3 + PD-1 + cells might be involved in the process of the abnormal accumulation of memory cells with aging through the production of IL-10 around the site of other CD8 + T-cell stimulation.
One of the interesting issues explored in this study is the determination of what causes the generation and accumulation of Tim-3-expressing CD8 + T cells in aged mice. The accumulation of memory phenotype cells in the aged T-cell population has been thought to be induced by mainly antigenic stimulation (NikolichZugich, 2008) . According to our observations, Tim-3 expression on aged CD8 + T cells is highly correlated with CD49d expression, implying that they are primarily generated by antigen encounters. However, Tim-3 À PD-1 + cells display moderate levels of expression, meaning they are a rather mixed population that can be generated by antigendependent or antigen-independent mechanisms. With aging, the virtual memory cells, defined by their low expression of CD49d, also accumulate (Chiu et al., 2013; Renkema et al., 2014) . We found that the majority of virtual memory cells belong to the Tim-3 À PD-1 À population. These findings suggest that Tim-3 could be used as a marker to separate the populations generated by antigen encounters from virtual memory cells in aged T cells. The next question is that of which antigen might be involved in the generation of Tim-3-expressing CD8 + T cells in aged individuals. Given that Tim-3-expressing CD8 + T cells are usually detected in chronic infections, it is doubtful that aged mice have been exposed to unidentified infections throughout their life time. The aged mice used in this study did not show specific pathogen infection or any symptoms indicating infection. In addition, the population of Tim-3 expressing cells is not biased to certain TCR Vb chains, even though the variability was increased, compared to young cells. This suggests that a broad range of antigens, rather than a specific antigen, is involved in the accumulation of Tim-3-expressing CD8 + T cells. It has been shown that T-cell exhaustion occurs when an antigen is present in excessive amounts and cannot be cleared completely in a timely manner. Furthermore, the specific antigen is required to maintain this population; in its absence, the exhausted cells continue through the process to deletion (Wherry, 2011) . In the case of aging, due to the calibrated threshold of T-cell responses and the altered antigen expression, self-or environmental antigens might be able to act as cognate antigens that participate in age-induced T-cell exhaustion.
In conclusion, we have identified a new CD8 + T-cell population in aged mice that is distinguishable by its expression of Tim-3. The data we present in this study demonstrate that Tim-3 expression specifically defines T cells with age-associated exhaustion. Our comprehensive comparison of each CD8 + T-cell subset will help increase understanding of alterations in T-cell populations that occur with aging and to establish strategies for improving treatments of dysfunctions of the immune system in the elderly.
Experimental procedures Cell isolation and sorting
Murine spleen, thymus, lymph node, bone marrow, and lung were homogenized using a cell strainer, and red blood cells (RBC) were lysed using an RBC lysis buffer. Hepatic lymphocytes were isolated using Percoll (GE Healthcare, Little Chalfont, UK) as previously described (Lee et al., 2012 
Cell staining and flow cytometry
Information about the antibodies used for flow cytometry is listed in Table S1 . For staining of the mouse TCR Vb chains, a mouse Vb TCR Screening Panel (BD Biosciences) was used. Splenocytes of young and aged mice were stained and incubated for 15 min at 4°C using the manufacturer's recommended staining volume. For intracellular cytokine staining (ICS), the cells were stimulated with anti-CD3/CD28 Abs or PMA (50 ng ml
À1
)/ionomycin (500 ng ml
, Sigma-Aldrich), and GolgiPlug (BD Biosciences) for 3 h, fixed and permeabilized using a Cytofix/ Cytoperm kit (BD Biosciences) following the manufacturer's protocol. Samples were collected by FACSCalibur or FACSAria III (BD Biosciences), and acquired data were analyzed with FLOWJO software (Tree Star, Ashland, OR, USA).
In vitro proliferation assay
The sorted cells described above were labeled with 5 lM carboxyfluorescein diacetate succinimidyl ester (CFSE; Invitrogen, Carlsbad, CA, USA) and incubated for 15 min at 37°C. CFSE-labeled T cells were cultured for 72 h with immobilized anti-CD3 (5 lg ml
À1
) and soluble anti-CD28 (1 lg ml À1 , Biolegend) mAb or anti-CD3 mAb with young or aged T-cell-depleted APCs. For the cytokine driven homeostatic proliferation assay, CFSE-labeled sorted T cells were cultured for 6 days with rmIL-7 (10 ng ml
) and rmIL-15 (100 ng ml
; eBioscience, San Diego, CA, USA). The cells were analyzed after the dead cells were gated out using Fixable Viability Dye 780 (eBioscience).
Adoptive transfer
CFSE-labeled sorted aged cells (3 9 10 5 per mouse) were transferred intravenously into 6-week-old B6.Rag1 KO recipient mice. Five days posttransfer, spleen and lymph node lymphocytes from these recipient mice were isolated, and the CFSE dilution was analyzed.
Quantitative real-time PCR assay
Total RNA was isolated from sorted aged T-cell subsets using TRIzol reagent (Invitrogen) and reverse-transcribed to cDNA using the amfiRivert II cDNA Synthesis Master Mix (Gendepot, Barker, TX, USA). Quantitative real-time PCR was performed with the LightCycler 1.5 instrument (Roche Diagnostics, Indianapolis, IN, USA) and the SYBR premix Ex Taq (Takara, Otsu, Japan). Primers were purchased from Cosmo Genetech (Seoul, Koera), and their sequences are shown in Table S2 . The expression of each transcript was analyzed relative to the reference gene transcript (HPRT).
Statistical analysis
All data were analyzed using GRAPHPAD PRISM 5.0 (GraphPad Software, La Jolla, CA, USA). Sample size was determined by the 'resource equation' method (Charan & Kantharia, 2013) , and value E was kept between 10 and 20. P-values were determined using paired or unpaired two-tailed t-test for comparing two groups. For comparing more than two groups, we performed one-way ANOVA and post hoc Bonferroni test. To assess the Vb distribution of aged mice, the Kruskal-Wallis test with Dunn's post hoc was performed. P < 0.05 were considered to be significant.
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